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Abstract

Reconstructions of past changes in algal community composition provide important
context for future alterations in biogeochemical cycling. However, many existing
phytoplankton proxies are indicative of individual algal groups and are not fully representative
of the whole community. Here, we evaluated hydrogen isotope ratios of algal lipids (8*Hipid)
as a potential proxy for phytoplankton community composition. We sampled the water
column of Rotsee, a small eutrophic lake in Switzerland, every second week from January
2019 to February 2020 and analyzed distributions and the relative offsets between 8°Hipid
values (£2Lipid1/Lipia2) from short-chain fatty acids, phytosterols and phytol. Comparing these
data with phytoplankton cell counts, we found €°cie.0isterol @Nd €2sterolphytol Values reflect shifts in
the eukaryotic algal community. To assess whether the selected phytoplankton groups were
the main sources of the selected lipids, we further modeled algal € ipia1/Lipia2 Values based on
&%Hci6:0, 8*Hstero and &?Hpnytol Values from batch cultures of individual algal groups and their
biovolume in Rotsee and evaluated the role of heterotrophy on €2 pig1/Lipid2 Values using a
model incorporating 8°Hc1s:0 and 8?Hsterol Values from microzooplankton. Annually-integrated
and amount-weighted €% .ipia1Lipia2 Values measured in Rotsee were within 6 to 17 %o of the
mean of modeled algal €2 ia1Lipia2 Values, demonstrating a strong link with the phytoplankton
community composition, while €2 iig1/Lipia2 Values including microzooplankton lipids had a
larger offset. Additionally, cyanobacterial biovolume was positively correlated with the ratio of
phytol and phytosterols (phytol:sterol ratio) as well as the ratio of unsaturated C18 and C16:0
fatty acids (C18:C16 ratio). Our results support the application of sedimentary €2, ipig1/Lipid2
values in eutrophic lakes as a proxy for past phytoplankton community assemblages.
Moreover, the calculation of sedimentary phytol:sterol and C18:C16 ratios provides an

additional proxy for reconstructing cyanobacterial blooms.

Key words: Algae, lipid biomarkers, hydrogen isotopes, eutrophic lakes
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1. Introduction

In recent decades, temperate lakes have been increasingly impacted by anthropogenic
eutrophication and climate change, leading to changes in phytoplankton communities (e.g.,
Shimoda et al., 2011; McGowan et al., 2012; Callisto et al., 2014; Huisman et al., 2018; Lin
et al., 2021). The composition of lacustrine phytoplankton communities greatly impacts
biogeochemical cycling of carbon, nitrogen, and phosphorus (Ptacnik et al., 2008; Litchman
et al., 2015; Naselli-Flores & Padisak, 2023), as well as higher trophic levels in aquatic food
webs (e.g., Wacker & Martin-Creuzberg 2012). To predict future changes in phytoplankton
community composition, modeling approaches incorporate results from culturing studies and
observations of algal responses to biotic and abiotic factors (e.g., Arhonditsis et al., 2006,
Acevedo-Trejos et al., 2015; Henson et al., 2021; Mattern et al., 2022; Liu et al., 2023).
However, long-term impacts of climate and environmental changes are difficult to replicate in
algal cultures and short-term community feedbacks. Therefore, reconstructions of past
phytoplankton community changes over longer timescales (decades, centuries, millennia)
offer important insights for modeling future dynamics (e.g., Cvetkoska et al., 2021).

Diverse proxies for estimating past phytoplankton community compositions exist, each
associated with its own limitation and biases. For instance, paleolimnologists often quantify
the abundance of dinoflagellate cysts or diatom silicate frustules (e.g., Dale & Fjellsa 1994;
Lotter 1998; Hinder et al., 2021; Cvetkoska et al., 2021), but only limited taxa produce fossil
remains, so these are not representative of the whole community. Other reconstructions are
based on pigments (e.g., Leavitt 1993; Reuss et al., 2005), or sedimentary ancient DNA
(sedaDNA) (Capo et al., 2022), two compound classes that can be impacted by degradation
and associated preferential diagenesis (Reuss et al., 2005; Capo et al., 2015; Nwosu et al.,
2023; Thorpe et al., 2024)

Due to their good preservation over geological times, algal membrane lipids in sediments

and rocks have been used to trace past phytoplankton abundance (e.g., Schubert et al.,
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1998; Naeher et al., 2012; Brocks et al., 2017; Summons et al., 2022; Zeman-Kuhnert et
al.,2023). For example, eukaryotic and bacterial membranes contain saturated and
unsaturated short-chain fatty acids, such as C16:0, C16:1, C18:0, C18:1 or C18:3 (Killops &
Killops 2004; Rustan & Drevon 2005; Li et al., 2010; Taipale et al., 2013). Additionally,
eukaryotes modify membrane fluidity and permeability by the incorporation of sterols
(Volkman 2003; Dufourc 2008; Desmond & Gribaldo 2009). Typical sterols of
photoautotrophic eukaryotes, i.e., plants and microalgae, are brassicasterol (24-
methylcholesta-5,22-dien-3[3-ol), stigmasterol (24-ethylcholesta-5,22-dien-33-ol) and
sitosterol (24-ethylcholest-5-en-383-ol) (Killops & Killops 2004; Piironen et al., 2000; Taipale et
al., 2016; Peltomaa et al., 2023). Despite bacterial gene homologues potentially encoding
enzymes involved in sterol synthesis (Wei et al., 2016), cyanobacteria have been found to
generally lack any sterols (e.g., Volkman 2003; Martin-Creuzburg et al., 2008; Taipale et al.,
2016; Peltomaa et al., 2023). In addition to membrane lipids, phytol ((2E,7R,11R)-3,7,11,15-
Tetramethyl-2-hexadecen-1-ol), the ester-linked side-chain of chlorophyll, is preserved in
sediment and interpreted as lipid biomarker for all phototrophs (e.g., Rontani & Volkman
2003; Killops & Killops 2004; Witkowski et al., 2020). Some compounds have been used as
proxies for specific phytoplankton groups (e.g., Mouradian et al., 2007; Yuan et al., 2020),
but many lipids are not as source-specific as initially thought (e.g., Rampen et al., 2010).
Rather than focusing on source-specific biomarkers, a more holistic analysis of lipid
distributions might highlight shifts in the phytoplankton community with a greater robustness.
In addition to the variability in lipid biomarkers, phytoplankton community composition
might be reflected in the hydrogen isotope ratios of algal lipids, i.e., 8Hipia values (8°H =
(®H/"H)sampie/ (*H/"H)vsmow — 1). Initially considered as a proxy for 8°H values of past lake
water (e.g., Sauer et al., 2001; Huang et al., 2004), algal 5°Hipis values have been found to
be impacted by algal growth rate, salinity, temperature and CO; limitation (e.g., Z. Zhang et
al., 2009; Sachs & Schwab 2011; Nelson & Sachs 2014; Sachs & Kawka 2015; Torres-
Romero et al., 2024) and there is increasing evidence of a strong ecological signal recorded

in algal 8°Hipia values. For instance, 8?Hipia Values vary significantly among different algal
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groups grown under identical conditions in laboratory cultures (Schouten et al., 2006, Zhang

& Sachs 2007; M’'Boule et al., 2014; Heinzelmann et al., 2015; Ladd et al., 2024).

Yet, changes in 8°H values of lake water might still be recorded in algal lipids as the
hydrogen for lipid synthesis originates from source water (e.g., Sachse et al., 2012). By using
relative offsets between 5?Hipiq values (i.e., €%Lipiat/Lipic2 = (8?Huipia1+1)/(8%Hupiaz+1) — 1), the
potential isotopic signal from lake water is excluded. Culturing and mesocosm experiments
have shown that €2 ia1Lipia2 Values strongly differ among different phytoplankton groups (Ladd
et al., 2024). For example, £2c16.0phytol Values for green algae and cyanobacteria were up to
150 %o higher than for diatoms, cryptomonads and dinoflagellates, while £2c1e.0isterol Values for
diatoms were > 250 %o lower than for green algae. This ecological range in algal 8*Hipig
values exceeds the difference between &°H values of precipitation in the subtropics and
boreal zones (e.g., Darling et al., 2006), as well as changes in isotopic precipitation

signatures during glacial/interglacial cycles (e.g., Vimeux et al., 1999; Osman et al., 2021).

In this study, we evaluated €% ipd1Lipia2 Values as a proxy for phytoplankton community
composition in a natural lacustrine system and sought to improve the reconstruction of algal
communities based on holistic analyses of lipid biomarker distributions. For this aim, samples
were taken from the water column of Rotsee, a small eutrophic lake in central Switzerland,
every second week from January 2019 to February 2020. Cell counts of phytoplankton and
microzooplankton were conducted and lipid abundances as well as compound-specific 8°Hipid
values of short-chain fatty acids, sterols and phytol were measured. We compared €2, ipig1/Lipid2
values and lipid distributions to phytoplankton biovolume to assess how lipid-based
indicators captured algal community shifts throughout the year. Specifically, we analyzed
whether cyanobacterial and green algal blooms are reflected by €%c1s.0ipnytol Values and if
changes in the eukaryotic algal community composition can be inferred from €2c1e.05sterol @and
steroliphytol Values. Furthermore, €2 ipiq1Lipia2 Values incorporating biovolume-weighted &?Hiipig
values from microzooplankton were modeled to investigate potential heterotrophic signatures

in € ipia1/Lipia2 Values.
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2. Methods

2.1 Study site and sample collection

Rotsee is a small (0.47 km? surface area), monomictic and eutrophic lake in central
Switzerland (47°04'11"N 8°18'51"E) (Fig. 1) at 419 m asl (Bloesch 1974; Lotter 1989). The
maximal depth is 16 m with a total volume of 4.3x10° m?® (Bloesch 1974). During the one-year
sampling period, depth profiles of turbidity, conductivity, temperature, pH and dissolved
oxygen were measured by different multi-parameter CTD probes (75M, Sea and Sun Marine
Tech, Trappenkamp, Germany; WTW, Weilheim, Germany). Temperatures at specific
sampling depths were estimated by the mean of temperatures from 0.5 m above to 0.5 m

below the respective depth.

Figure 1: Location of Rotsee (red point) and schematic image indicating the sampling area (red box) near the
center of the lake. European coastlines were accessed from Natural Earth (https://www.naturalearthdata.com).
River connections and bathymetric map of Rotsee were accessed from swissTLM3D and DHM25
(swisstopo.admin.ch) (DHM25 data modified from T. Doda). All maps were produced with QGIS Geographic

Information System.
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Sampling occurred every second week near the lake’s center (Fig. 1) from January 2019
to February 2020 on mostly sunny mornings. Samples were taken at 1 m depth and at the
depth of chlorophyll maximum, as determined based on the turbidity maximum on the
respective sampling date measured by the multi-parameter CTD probe. Chlorophyll
maximum depths ranged from 5 m to 14 m. If no turbidity maximum was present, samples
were collected at 4 m depth. Lake water was filtered through a pre-combusted (6 hours at
450 °C) 142 mm Whatman® GF/F filter (pore size 0.7 pm) with a WTS-LV Large Volume
Pump (12-40 |; McLane, MA, USA). Filters were wrapped in pre-combusted aluminum foil,
kept on ice during transport, and stored at -20 °C until further analysis. Water samples for
phytoplankton, water isotope measurements and nutrient analyses were collected with a
Niskin Water Sampler at the same depths (5 I; Hydro-Bios, Altenholz, Germany). For
phytoplankton samples, 40 ml water were directly fixed with 5 ml lugol solution (5% iodide,
10% potassium iodide) and stored in the dark at 4°C until identification, which occurred within
a few weeks. For water isotope samples, 2 ml water were filtered through a 25 mm syringe
filter with a 0.45 um polyethersulfone membrane into 2 ml vials and stored at 4 °C prior to
analysis. Samples for nutrient analysis were filtered through cellulose acetate (pore size 0.45

pum) and stored in opaque bottles at 4 °C prior to analysis.

2.2 Nutrient concentrations

Total phosphorous concentrations were measured according to Vogler (1965) with
modifications. Following chemical digestion with potassium peroxodisulfate at 121 °C, ortho-
phosphate concentrations were determined after the reaction to a phosphorus-molybdenum-
blue-complex with a spectrophotometer (Cary 60, Agilent, Santa Clara, CA, USA). Total
nitrogen concentrations were measured by chemiluminescence with a Total Organic Carbon

Analyzer with Total Nitrogen Unit (TOC-L CSH, Shimadzu, Nakagyo-ku, Kyoto, Japan).
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2.3 Microscopy and biovolume calculation

A sub-sample (3 ml or 10 ml depending on density) was sedimented and counted in an
Utermohl-chamber (Hydro-Bios) (von Uterméhl, 1931). Phytoplankton were identified and
counted using an inverted microscope (Zeiss Axiovert 135, Carl Zeiss, Oberkochen,
Germany) at 320x and 640x. Identifications were performed to the greatest possible
taxonomic level (generally genus or species). The abundance of rare species which did not
appear in the counted fields (40 in each magnification), was estimated in a transect at a
magnification of 320x. Cell densities were normalized to an appropriate volume (cells/l) and
the biovolume of different phytoplankton groups was calculated by multiplying the cell
densities of the corresponding species by their mean per-cell biovolume. Biovolume values
were based on biovolume measurements from individual phytoplankton cells from

Greifensee according to standard protocols (Narwani et al., 2019).

2.4 Lipid extraction and quantification

All glassware and utensils used for lipid extraction and purification were pre-combusted or
solvent-cleaned with dichlormethane (DCM):methanol (MeOH) (9:1 (v/v)).

Total lipid extracts (TLEs) for fatty acid and phytol analyses were extracted from half of a
freeze-dried filter sample in a SOLVpro microwave reaction system (Anton Paar, Graz,
Austria) according to Ladd et al. (2017) with the same internal standard. TLEs for sterol
analyses were extracted from the other half of the dry filter sample with an accelerated
solvent extraction system (ASE) (Dionex™ ASE™ 350, Thermo Fisher Scientific, Waltham,
MA, USA) according to Hirave et al. (2021). Prior to ASE extractions, an internal standard
containing heneicosanol (n-Cz1-alkanol), hexatriacontane (n-Css-alkane), nonadecanoic acid
(n-Cqe-acid) and 2-octadecanone was quantitatively added to each sample.

TLEs were saponified with ~ 3 ml 1 N potassium hydroxide (KOH) in MeOH for 3-16

hours at 70 °C. After saponification, 2 ml of MilliQ water was added to each sample and the



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

neutral fraction was extracted using multiple heptane rinses. The aqueous phase containing
the acid fraction was acidified to pH < 2 and the protonated acid fraction was extracted using
multiple heptane rinses.

A subset of neutral fractions was further purified by silica gel column chromatography
according to Ladd et al. (2017) to obtain the alcohol fraction, but as no compounds were
present in the other fractions, alcohols were subsequently analyzed in unpurified neutral
fractions. The neutral or alcohol fraction was acetylated with 200 pl pyridine and 25 ul acetic
anhydride for 30 min at 70 °C. The &°H values of the added acetyl group were determined by
mass balance calculation after the acetylation of n-Cs-alkanol or sucrose with a known &°H
value. Additionally, 8*H values of acetic anhydride were further measured on a high-
temperature conversion/elemental analyzer (TC/EA) (Thermo Fisher Scientific) coupled to a
Delta V plus isotope ratio mass spectrometer (IRMS) (Thermo Fisher Scientific) via a ConFlo
IV interface (Thermo Fisher Scientific) following Newberry et al. (2017).

Acid fractions were methylated with 4 ml 95:5 MeOH:hydrochloric acid (HCI) at 70 °C for
~ 16 hours. Methylated samples were mixed with 4 ml of 0.1 M potassium chloride (KCI) in
MilliQ water and fatty acid methyl-esters (FAMEs) were extracted by serial heptane rinses.
The &°H value of the added methyl group was determined by mass balance calculation after
the methylation of phthalic acid of a known &°H value (Arndt Schimmelmann, Indiana
University).

Acetylated alcohols (phytol and sterols) and FAMEs were quantified by gas
chromatography—flame ionization detection (GC-FID) on a Trace™ 1310 gas chromatograph
(Thermo Fisher Scientific) with a Rtx-5MS Column (30 m x 0.25 mm x 0.25 ym) (Restek, Bad
Homburg vor der Héhe, Germany) according to Baan et al. (2023). Sterols and phytol were
initially identified by analyzing the mass spectra of a subset of samples by gas
chromatography-mass spectrometry (GC-MS) according to Ladd et al. (2017). An equivalent
column was used for GC-FID analyses, and sterols and phytol were identified based on their

elution order and relative peak areas. FAMEs were identified by comparing retention times to
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an external standard (Sulpelco® 37-component FAME Mix, reference no. 47885U) (Merck

KGaA, Darmstadt, Germany).

2.5 Lipid 8°H measurements

Lipid 8°H values were measured by gas chromatography-isotope ratio mass spectrometry
(GC-IRMS) on a Trace GC Ultra (Thermo Fisher Scientific) coupled to a Delta V plus IRMS
(Thermo Fisher Scientific) with a ConFlo IV interface (Thermo Fisher Scientific). Samples
were injected with an AS TriPlus autosampler (Thermo Fisher Scientific) to a split/splitless
inlet operated in splitless mode at 280 °C. FAMEs were measured on a Rtx-2330 column (30
m x 0.25 mm x 0.20 ym) (Restek), which was heated from 60 to 130 °C at 15 °C/min, from
130 to 265 °C at 8 °C/min and held at 265 °C for 5 min. Alcohols were measured on a Ritx-
5MS column (30m x 0.25mm x 0.25um) (Restek) which was heated from 60 to 120 °C at 15
°C/min, from 120 to 325 °C at 5 °C/min and held at 325 °C for 10 min. Column effluent was

pyrolyzed at 1420 °C.

Measured hydrogen isotope values from the Thermo Isodat 3.0 software were converted
to the Vienna Standard Mean Ocean Water (VSMOW) scale with regression models between
measured and externally provided 8°H values for reference standard compounds, which
were analyzed at the beginning and the end of each sequence and between at most ten
sample injections. Normalization included an initial linear regression between measured and
known &°H values and a second multiple linear regression to correct for drift and isotopic
effects related to peak size and retention time. Reference standards included n-alkane Mix
A7 and FAME Mix F8-3 (Arndt Schimmelmann, Indiana University), and C20:0 FAME

USGS71 (United States Geological Survey).

5Hsterol Values were further corrected for biases related to peak dimensions due to
variable size effects between sterols and the aliphatic standards. Cholesterol acetate and
stigmasterol acetate stock compounds (Merck) were measured at different concentrations

ranging from 50 ng to 2 g to determine the threshold peak area for stable &*H values, which

10
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was ~ 40 Vs (Fig. S1A). 8°H values of the same stock compounds were separately calibrated
on a TC/EA IRMS (Thermo Fisher Scientific) according to Newberry et al. (2017) (cholesterol
acetate) or as the average of 8H values at appropriate peak areas (stigmasterol acetate).
The resulting relationship between peak area and the relative isotopic offset between
measured and calibrated 5°H values (€2measuredicalibrated) (Fig. S1B) was used to correct 5*Hserol

values based on their individual peak areas.

Quality control standards (n-Cag,32 alkanes (Stable Isotope Ecology Laboratory, University
of Basel); C20:0 FAME (USGS70, United States Geological Survey); Supelco® C8-C24
FAME Mix (reference no CRM18918, Merck)) were measured throughout each sequence
and scale normalized to VSMOW in the same way as the samples. Of these, the n-Cs»
alkane and the C20:0 FAME were purchased isotope reference materials with known &%H
values, while 8°H values of the remaining compounds have been routinely measured to track
long term measurement precision. The average standard deviation (SD) for all quality control
compounds together was 2 %o, with an average offset of 0.4 %o from their known value (n =
467). The Hs" factor was determined in the beginning of each sequence and averaged 2.8 +/-
0.2 ppm nA™". Sample &°H values were further corrected for hydrogen added during
derivatization based on isotopic mass balance. Errors were estimated from replicate

measurements and the uncertainties associated with the added hydrogen.

2.6 Water 5°H measurements

Water 8°H values were measured on a TC/EA IRMS (Thermo Fisher Scientific) according
to Newberry et al. (2017). Two water standards with known &°H values were injected at the
beginning and the end of each sequence and after every 14 sample injections. Values were
normalized to the VSMOW scale using measured and known &H values of laboratory
working standards and included corrections for time-based drift and memory effects. As a

quality control, another water standard was injected at the beginning and the end of each

11
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sequence and after every 14 sample injections and corrected in the same way as the
samples. The SD of the standard averaged 0.26 %0 and the average offset from the known

value was 0.05 %..

2.7 Calculations & statistics

Statistical analyses and modeling of €2 pia1Lipia2 Values were carried out in R (R version
4.3.1, R Core Team 2023, Vienna, AT) and RStudio (2023.06.1+524). If not stated otherwise,
the ‘ggplot2’ (Wickham 2009) and the ‘cowplot’ package (Wilke 2020) were used for

visualizations.

2.7.1 Modeling of €2Lipig1/Lipia2 Values
We simulated algal €2 ipig11Lipia2 Values with a 50,000 iteration Monte Carlo model based on the
hydrogen isotope fractionation between different algal lipids and source water (0®jpigwater =
(®°H/MHipia)/(*H/"Huwater)) calculated from previously published culture experiments as well as the
relative contribution of each algal group to the lipid pool. Detailed model specifications for the
modeling of biweekly £ sia1/Lipia2 Values can be found in the R code available in GitHub

(https://qithub.com/antoniaKlatt/Klatt etal 2024 phytoplankton Rotsee).

Specifically, theoretical normal distributions of aZipigmwater Values were estimated for each
algal group and lipid based on mean ocie.omater, A steroliwater AN Aphytoiwater Values with
corresponding standard deviations (SD) derived from batch cultures of Cyanophyceae, green
algae, Bacillario-, Dino-, and Cryptophyceae (Ladd et al., 2024) (Fig. S2). No 0®steroliwater
values were defined for Cyanophyceae as cyanobacteria do not produce any sterols (e.g.,
Volkman 2003; Martin-Creuzburg et al., 2008; Taipale et al., 2016; Peltomaa et al., 2023).
Due to missing culturing data, a?ipigwater distributions of Chrysophyceae were simulated based
on A?ipigmwater Values from Bacillario- and Dinophyceae according to their phylogenetic

relationship (Not et al., 2021).
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The three sets of a values predicted from each Monte Carlo simulation were then used to
predict sets of 2H/"Hipiq values for each lipid and algal group based on the ?H/'Huater vValue at
each sampling date. Then, biovolume-weighted average ?H/"Hiiq values were calculated for
each sampling date by the relative contribution of each algal group to the total phytoplankton
biomass for C16:0 and phytol, and the relative contribution of each eukaryotic algal group to
total eukaryotic algal biomass for sterols. The three sets of biovolume-weighted average
2H/"H values for each lipid were then used to calculate £2c16:0/phytol phyto, £2G16:0/sterol phyto @aNd

€2sterolphytol phyto Values for each sampling date.

To model the potential impact of heterotrophic microzooplankton on €% ipia1Lipia2 Values, we
conducted an additional 50,000 iteration Monte Carlo simulation to estimate theoretical
hydrogen isotope fractionation factors between algal and microzooplankton lipids. For this
purpose, we used observations of 8?Hc1e values of seston and zooplankton from Pilecky et
al. (2022) (Fig. S3) and calculated oseston/z00 Values. In this study, seston refers to dietary
plankton of < 30 um from eutrophic ponds (Pilecky et al., 2022) which we used to represent
phytoplankton in our calculations. Since empirical °Hsterol Values from zooplankton were not
available, we applied the same set of fractionation factors between seston and zooplankton

as that for C16:0 fatty acid.

We then simulated ?H/"Hc1e:0 and 2H/"Hsterol Values from microzooplankton using
biovolume-weighted 2H/'Hipia values from phytoplankton and the theoretical a%sestoniz00 Values.
Subsequently, biovolume-weighted ?H/"Hc1e:0 and H/"Hsterol Values from both phytoplankton
and microzooplankton (?H/"Hipia phytosz0) Were calculated by the relative contribution to total
biomass or eukaryotic biomass. Then, €2inia11Lipia2 Values representing theoretical contributions
from algae and microzooplankton (€% ipid1/Lipid2 phytoszeo) Were computed using *H/"Hiipid phytoszoo

values.

Seasonal and annual €% pia1Lipia2 Values were calculated with a similar approach to
biweekly simulations, but were modified to use seasonal or annual biovolume contributions,
and seasonal or annual average water 5°H values. Detailed model settings for the annual
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and seasonal calculations are specified in the R code which is available in GitHub

(https://github.com/antoniaKlatt/Klatt_etal 2024 phytoplankton Rotsee). Average €2 ipid1Lipid2

values from winter 2019 include samples from January and February 2019, while values from
winter 2020 include samples from December 2019, January, and February 2020. If no 8*Hipig

value was measurable, the lipid concentration at the specific sampling date was set to zero.

2.7.2 Lipid ratios
Lipid ratios were calculated based on initial lipid concentrations in the water column

[Mg/L] or based on peak areas in GC-FID measurements [pA*min].

Phytol:sterol ratios were calculated as:
[phytol])/([phytol] +[brassicasterol]+[ergosterol]+[sitosterol]+[stigmasterol]) (1),
and C18:C16 ratios were calculated as:

([C18:1]+[C18:x]+[C18:2]+[C18:3nx])/([C16:0]+[C18:1]+[C18:x]+[C18:2]+[C18:3nx])

(@)

where C18:x represents C18:1n9c co-eluting with C18:2n6t, C18:3nx is C18:3n3 with

C18:3n6 and C20:3nx is C20:3n3 with C20:3n6.

2.7.3 Statistical analyses
Spearman’s correlation coefficients between €2 pa1/Lipia2 Values and the relative biovolume of
different phytoplankton groups were calculated using the ‘corr.test’ function of the ‘psych’
package (Revelle, 2024) with a Bonferroni adjustment. Correlation matrices were visualized
with the ‘ggcorrplot’ package (Kassambara 2023). Paired two-sided t-tests between modeled
£2ipid1Lipia2 Values were performed with the ‘t.test’ function from the ‘stats’ package (R Core
Team 2023, Vienna, AT). Non-metric multidimensional scaling (NMDS) of relative alcohol
and fatty acid concentrations was performed with the ‘metaMDS’ function of the ‘vegan’
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package (Oksanen et al., 2022) based on Bray-Curtis dissimilarities. Relative concentrations
are based on the contribution of individual alcohols to the sum concentrations of all alcohols
(excluding cholesterol) on single sampling dates, and the contribution of individual fatty acids
to the sum concentrations of all fatty acids (excluding C22:2) on single sampling dates.
NMDS of relative alcohol concentrations was performed with untransformed data, while
relative fatty acid concentrations were square root transformed. Redundancy Analysis (RDA)
between phytoplankton biovolume and environmental variables was performed with the ‘rda’
function of the ‘vegan’ package (Oksanen et al., 2022) without scaling of biovolume data.
Relative biovolume of phytoplankton groups was square root transformed and total
phosphorous concentrations were log transformed prior to RDA. Pearson’s correlation
between environmental variables were calculated using the ‘corr.test’ function of the ‘psych’
package (Revelle 2024). All statistical analyses were performed with complete datasets after

removing complete rows containing non-values.

3. Results

3.1 Stratification and vertical mixing in Rotsee

The timing of lake stratification and the onset of autumnal mixing in monomictic Rotsee
were assessed by the oxygen and temperature profiles in the water column (Fig. 2). The lake

stratification began in spring, and a stable oxycline and thermocline was established between
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~ 5 to 10 m depth in summer. Mixing began in October, deepening the thermocline, and no

vertical stratification was present by December.
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Figure 2: Dissolved oxygen and temperature throughout the water column of Rotsee at different sampling
dates representative of different seasons. Only a subset of oxygen and temperature measurements for each date
is shown for clarity. The rose-colored areas in summer and early autumn indicate the stable oxycline and

thermocline. Dashed lines indicate the respective sampling depths on each sampling date.

3.2 The phytoplankton community is highly dynamic

During the one-year sampling period, diatoms (Bacillariophyceae), green algae (Chloro-
and Zygnemophyceae), golden algae (Chrysophyceae), cryptomonads (Cryptopyceae),
cyanobacteria (Cyanophyceae), and dinoflagellates (Dinophyceae) were identified in varying
abundance in Rotsee (Fig. 3). Some phytoplankton blooms were detected concurrently at
both sampling depths, for instance, the winter diatom bloom in January 2019, or the major
spring bloom of golden algae in April 2019 (Fig. 3A, B). However, some algal blooms were
restricted to a certain sampling depth. For example, at 1 m depth, a smaller green algal
bloom was detected in February 2019, and a bloom of cryptomonads in late June 2019 (Fig.
3A). At the chlorophyll maximum depth, a first cyanobacterial bloom occurred in late July
2019, followed by a bloom of photosynthetic dinoflagellates in mid-August (Fig. 3B). In
October 2019, a massive second cyanobacterial bloom was detected (Fig. 3B), partly
overlapping with the lake turnover event (Fig. 2). The cyanobacterial bloom in late October

produced the highest absolute algal biovolume during the year.
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Besides phytoplankton, various microzooplankton groups were identified, including Ciliata
and Rotifera species, as well as the phagocytotic non-photosynthetic dinoflagellate
Gymnodinium helveticum (Irish 1979; Wille & Hoffmann 1991) (Fig. 3). At 1 m depth, a
massive peak of microzooplankton was detected in late July 2019, with Rotifera reaching
their maximum biovolume, followed by a Ciliata peak in August (Fig. 3A). The biovolume of
Ciliates further increased in late October and mid-December (Fig. 3A). At the chlorophyll
maximum depth, a Ciliata peak was detected in February 2019, followed by a massive
increase of Ciliates in mid-June (Fig. 3B). The biovolume of Gymnodinium helveticum was

generally low throughout the year.

A 1 m depth B chlorophyll maximum depth
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=
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phytoplankton microzooplankton

Bacillariophyceae m Cryptophyceae m Dinophyceae  Ciliata = Gymnodinium helveticum  Rotifera
Chrysophyceae m Cyanophyceae green algae

Figure 3: Absolute biovolume of phytoplankton and microzooplankton groups in Rotsee at 1 m depth (A) and
chlorophyll maximum depth (B) over time. Chlorophyceae and Zygnemophyceae were included in the

classification ‘green algae’.

3.3 ®2Hiipia values generally do not correlate with 2Hwater values

To examine the potential impact of the isotopic signature of lake water on algal 8?Hiipid
values in Rotsee, we compared changes of 8*Hci1s:0 and &*Hpnytol Values with 8*Huater Values
(Fig. 4). 8*Hipia values were much more variable than 8?Huwater values. Overall, §*Hc1e:0 Values
spanned a range > 100 %o (-304 to -163 %o) and &°Hphytol Values > 60 %o (-434 to -373 %o),

while 8?Hyater values only varied between -83 and -76 %o. At 1 m depth, 8°Hc16.0 values were
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significantly positively correlated with 8°Huater values (R? = 0.26; p < 0.01), but not at the
chlorophyll maximum depth. 8®Hpnyto Values were not correlated with 8?Huwater Values at either

depth.
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Figure 4: Time series of 8*Huwater, 8*°Hc16:0 and 8*Hpnytor Values in Rotsee at 1 m depth (A) and chlorophyll
maximum depth (B). R? values indicated in each panel refer to linear regressions between &?Hipiq values and

0?Hyater Values. **: P < 0.01.

Due to low concentrations, 8°H measurements of sterols were only possible from a
subset of sampling dates. The greatest number of measurements were possible from
brassicasterol and sitosterol (Fig. S4). Sitosterol was generally the most 2H-enriched sterol,
with 8?H values ranging from -330 to -216 %.. The most H-depleted sterol was
brassicasterol, which had &H values that ranged from -374 to -286 %o. 8*Huater values were

not correlated with 8?Hsterol Values for any sterol at either sampling depth.

3.4 Biweekly relationships between €?ipid1/Lipia2 Values and

phytoplankton community composition

To assess the fidelity of algal 5?Hipiq values as a proxy for phytoplankton community

assemblages, €2 ipia1Lipia2 Values were calculated and the relationship between €2 ipid1/Lipid2

-150
-200

values and algal community dynamics was analyzed. For late August 2019 and mid-February
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2020, no phytoplankton cell counts were available. Due to the small size of our dataset,
highly dynamic phytoplankton fluctuations (Fig. 3) and difficulties of extrapolation (Hastie et
al., 2009), algal biovolume was not inter-/extrapolated and corresponding lipid samples were
excluded from analyses. Moreover, due to missing 8*H values of different sterols for many
sampling dates (Fig. S4), €%c16:0stero @Nd €%sterolphytol Values were calculated with weighted

average &”Hsterol Values of each sampling date.

There were no significant correlations between €% ipqd11Lipia2 Values and the relative
biovolume of individual phytoplankton groups, but the direction of some relationships was
consistent at both sampling depths (Fig. S5, S6). For instance, green algal biovolume tended
to increase with €%c1s.0ipnytol Values (Fig. S5) and diatom biovolume tended to increase with

Ezsterollphytol values (Flg 86)

To assess if phytoplankton community shifts were reflected by €2 ipig11Lipia2 Values, the
relative biovolume of individual algal groups was combined based on similarities of £2_ipid1/Lipid2
values in culturing studies (Ladd et al., 2024) and relationships found in Rotsee (Fig. S5, S6).
No relationship between £cie:0pnyto Values and the summed biovolume of cyanobacteria and
green algae was found (R? = -0.02; p = 0.6; Fig. S5). However, the summed biovolume of
diatoms and golden algae was negatively correlated with £2c1e.0/sterol Values (R2=0.11; p <
0.05) (Fig. 5A) and positively correlated with €%serolphytol Values (R? = 0.24; p < 0.01) (Fig. 5B).
When the linear regressions for these relationships were extrapolated to 100 % diatoms and
golden algae, €%sterolphyto @Nd £2c1s:0isterol Values were similar to measurements from diatom

cultures (Ladd et al., 2024) (Fig. 5).
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Figure 5: Linear regressions between £2c1e.0/sterol (A) and €2sterolphytol Values (B) and the summed relative
biovolume of Bacillario- and Chrysophyceae in Rotsee. Diamond symbols indicate mean €2c1e:0/sterol @Nd €2steroliphytol
values from Bacillariophyceae cultures (Ladd et al., 2024), representing theoretical €2 ipig1/Lipic2 Values at 100%

contribution to eukaryotic biovolume. *: P < 0.05; **: P < 0.01.

To further assess the impact of phytoplankton community composition on €2, ipia1/Lipid2
values, measured €2 pia1/Lipid2 Values were compared to modeled €2 pia1/Lipia2 Values exclusively
derived from phytoplankton (€%Lipia1/Lipiaz phyto) (Fig. 6,7), which were simulated based on
theoretical 8°Hipia vValues of individual algal groups (Ladd et al., 2024) and their biovolume in
Rotsee. Moreover, the influence of microzooplankton on the lipid isotopic signal was
investigated by simulating €2 ipia1Lipia2 Values incorporating biovolume-weighted &*Hiiig Values
of phytoplankton and microzooplankton (€Lipid1/Lipid2 phytoszoo). COmpared to phytoplankton
lipids, lipids of heterotrophs are expected to be more ?H-enriched (e.g., X. Zhang et al. 2009;
Pilecky et al., 2022) and therefore, high microzooplankton biovolume could potentially affect

€% ipia1/Lipid2 Values.

On a biweekly scale, mean values of modeled €2 ipig1/Lipid2 phyto AN ELipid1/Lipid2 phytoszoo ValUES
were similar to each other for most sampling dates (Fig. 6). Larger differences were found
during peaks of microzooplankton biovolume, and were most pronounced for modeled
€2G16:0/phytol AN E2sterolphytol Values. For instance, mean €2serolphytol phytoszoo Values were > 40 %o
higher than mean &%serolphytol phyto Values during Ciliata and Rotifera peaks in late October and

November.
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Figure 6: Biweekly comparison of modeled and measured €2 ipia1/Lipia2 Values in Rotsee at 1 m depth (A) and
chlorophyll maximum depth (B). Modeled €2 ipiq1/1ipia2 Values were calculated incorporating weighted 2H/"Hiipig
values of autotrophic phytoplankton only (€2(ipig1/Lipid2 phyto) @Nd @ combination of weighted 2H/'Hiiiq values from
autotrophic phytoplankton and heterotrophic microzooplankton (€2 ipia1/Lipid2 phytoszoo)- FOr €ach sampling date, the
mean value of modeled €2 ipig11ipiaz Values is shown with the respective standard deviation indicated by shaded
areas. Root Mean Square Errors (RMSE) were calculated between measured €2 ipig1/Lipia2 Values and the mean of
modeled €2 ipiaLipia2 Values for each sampling date at both depths. Vertical shaded areas represent

microzooplankton biovolume peaks (> 50 % of total biovolume).

Measured €% pia11Lipia2 Values were nearly identical to the mean of modeled €2Lipig1/Lipiaz
values on several sampling dates and mostly fell within 1 SD interval. However, larger
deviations between measured and modeled £ ipia11Lipia2 Values were found on single sampling
dates for all lipid pairs, particularly in early June, when lipids and phytoplankton cells were
sampled on different days. Further discrepancies were found in May, when measured
£2c1s0isterol Values exceeded the SD interval of modeled e%cis.0isterol Values by nearly 100 %o
(Fig. 6A), and in mid-August, when measured £%serolphytol Values were nearly 80 %o higher than

the SD interval of modeled values (Fig. 6B).
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3.5 Yearly and seasonal relationships between £?Lipig1/Lipia2 Values

and phytoplankton community composition

To analyze whether €2 pia1/Lipia2 Values on a long-term scale reflect phytoplankton
communities and microzooplankton contribution, yearly and seasonal €2Lipig1/Lipid2 phyto @aNd
€2 ipid1/Lipid2 phytoszoo Values were modeled and compared to measured amount-weighted
average €LipidatLipia2 Values (Fig. 7).

Annual and seasonal €2 ipia1/Lipid2 phyto AN ELipid1/Lipid2 phytoszoo Values were significantly
different from each other for all lipid pairs (paired two-sided t-test; p < 0.0001), even though
the size of this effect was generally small (Fig. 7). On the annual scale, the means of
£2c1s0isterol Values were nearly identical between models (Fig. 7B), while for £2c1e:0/phytol and
€2steroliphytol VAIUES €2Lipid1/Lipid2 phytoszoo Values were ~ 15 and 17 %o higher than €2Lipig1/Lipid2 phyto
values (Fig. 7A, C). Seasonally, €%seroiphytol Values displayed the largest difference between
models, With mean €2steroliphytol phytoszoo Values being up to ~ 23 %o higher than €2steroliphytol phyto
values (Fig. 7C).

On the annual scale, measured €% ipiq1Lipia2 Values fell within 1 SD interval of modeled
€2 Lipia1/Lipia2 Values for all lipid pairs (Fig. 7), but measured €2c16.0/phytol aNd Esterolphytol Values were
> 20 and > 30 %o lower than the mean of modeled 2L ipid1/Lipid2 phytoszoo Values (Fig. 7A, C).
Measured €2, pia1/Lipid2 Values were also within 1 SD of modeled values for most lipid pairs in
most seasons (Fig. 7). However, there were some discrepancies between measured and

modeled €2 inig1Linia2 Values on the seasonal scale, particularly in autumn.
p p
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Figure 7: Comparison of modeled and measured weighted average €2 piq11Lipiaz Values in Rotsee over the year
(2019-2020) and during meteorological seasons. Modeled €2 ipia1/Lipia2 Values were calculated incorporating
weighted ?H/'Hipiq values of autotrophic phytoplankton only (g2 ipia1/Lipia2 phyto) @nd a combination of weighted
2H/"Hiipia values from autotrophic phytoplankton and heterotrophic microzooplankton (€2Lipig1/Lipid2 phytoszoo). BOXplots
indicate the mean of modeled €2 ipia1.Lipiaz Values with the respective standard deviation. Single rows indicate

yearly and seasonal modeled and measured €2c1:0/phytol (A), €2c16:0isterol (B), @and €2steroliphytol Values (C).

3.6 Phytol:sterol ratios and C18:C16 ratios correlate with

cyanobacterial biovolume
Alcohols included phytol, diplopterol (hopan-22-ol), brassicasterol, cholesterol (cholest-5-

en-3p-ol), ergosterol (methylcholesta-5,7,22-trien-3-ol), sitosterol, and stigmasterol (Fig.
23



542  S4). Cholesterol was excluded from further analysis due to its common abundance in

543  zooplankton (e.g., Goad 1981; Serrazanetti et al., 1992; Wittenborn et al., 2020). The acid
544  fractions contained different saturated and unsaturated fatty acids including C14:0, C16:0,
545 C16:1, C18:0, C18:1, C18:x, C18:2, C18:3nx, C20:3nx, C20:4, C22:2 and C22:6 (Fig. S5).
546  C22:2 was excluded from analysis due to its low abundance at only one sampling date (Fig.

547  SB6).

548 To analyze (dis-)similarities of lipid distributions among samples in relation to

549  phytoplankton community changes, NMDS of relative alcohol concentrations and relative

550 fatty acid concentrations was performed, with visualization of relative cyanobacterial

551  biovolume at each sampling date (Fig. S9). There was a clear separation of samples with

552  high sterol concentrations from samples with high phytol concentrations along NMDS axis 1
553  (Fig. S9A), with the highest phytol concentrations co-occurring with cyanobacterial blooms. In
554  the analysis of fatty acid abundance, saturated compounds were separated from unsaturated
555  fatty acids along NMDS axis 1 (Fig. S9B). Cyanobacterial blooms co-occurred with high

556  concentrations of C16:1, C18:1, and C20:3nx, and rather high concentrations of C18:2,

557 C18:3nx, and C18:x.

558 Following NMDS analyses (Fig. S9), we calculated phytol:sterol ratios and C18:C16 ratios
559  (eq. 1 & 2) in the water column of Rotsee and analyzed their relationship with cyanobacterial

560  biovolume (Fig. 8).
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Figure 8: Time series of relative cyanobacterial biovolume, phytol:sterol ratios and C18:C16 ratios in Rotsee
at 1 m depth (A) and chlorophyll maximum depth (B). R? values refer to linear regressions between phytol:sterol
ratios and cyanobacterial biovolume, as well as C18:C16 ratios and cyanobacterial biovolume analyzed for

combined sampling depths. **: P < 0.01; ***: P < 0.001.

At 1 m depth, cyanobacteria were generally not abundant, with the exception of a bloom
in September and October, where cyanobacterial biovolume increased to > 40 % of total
phytoplankton biovolume (Fig. 3; Fig. 8). During cyanobacterial blooms, phytol:sterol ratios
and C18:C16 ratios increased to > 0.5. At the chlorophyll maximum depth, cyanobacterial
blooms occurred in July and in September/October, with cyanobacterial biovolume
increasing to > 60 % and > 90 % of total algal biovolume (Fig. 3; Fig. 8). Phytol:sterol ratios
clearly increased during cyanobacterial blooms to > 0.9. C18:C16 also increased but to a
lesser extent, with a maximum of ~ 0.6 in late September (Fig. 8B). Cyanobacterial

biovolume was significantly positively correlated with both lipid ratios.
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576 4. Discussion

577 We analyzed €2 ipig11ipia2 Values and the distribution of algal lipids in the water column of
578 Rotsee in relation to phytoplankton community changes throughout a one-year sampling
579  period. 8*Hipia values had much greater variability than 8?Huwater values (Fig. 4), suggesting
580 that other factors besides 8°Huwater Values, such as the composition of the algal community,
581  are more important in determining 8°Hipia values. However, algal 8?Hipiq values could still be
582  used as a proxy for 8?H values of lake water as changes in the phytoplankton community
583  could be disentangled from changes in past 8?Huwater Values by the comparison of 8*H values

584  of source-specific and generic lipids as suggested by Ladd et al. (2024).

585 In the following discussion, we evaluate hydrogen isotope offsets among lipids,

586  specifically £2c16:0phytol, E2C16:05sterol, AN E2steroliphytol ValuEs, as potential indicators for

587  phytoplankton community dynamics and lipid ratios as proxy for cyanobacterial biovolume.
588  We discuss uncertainties in their interpretation and further consider their application in

589  paleoecological contexts to reconstruct past phytoplankton community dynamics.

590
591 4.1 Evaluation of €2 ipiq1/Lipia2 Values as indicators of phytoplankton
592 community compositions

593 Relationships between biweekly €2 iig11ipia2 Values and algal biovolume in Rotsee (Fig. S5,

594  S6) were generally in accordance with previous culturing studies (Ladd et al., 2024). During
595  the cyanobacterial bloom in summer (Fig. 3B), 2c1e:0phytol Values increased up to 302 %o,

596  consistent with high €2c1e.0phytol Values from cyanobacterial cultures (351 +/- 99 %o; Ladd et al.,
597  2024). Likewise, diatom blooms were associated with high €2eroiphytol Values (> 200 %o) and
598  low €%c1s0ssterol Values (< 100 %o), similar to diatom cultures (248 +/- 45 %o and -25 +/- 49 %o;
599  Ladd et al., 2024). Therefore, €.pia11Lipia2 Values might be indicative for specific algal groups if
600 they form a dominant part within the phytoplankton community. Additionally, changes in

601  €%c1sistero @Nd E2steroliphytol Values might indicate shifts within the eukaryotic algal community,
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even if groups with similar €% isia1/Lipis2 Values, such as diatoms and golden algae, cannot be

resolved from each other (Fig. 5).

In contrast to expectations from algal cultures (Ladd et al., 2024), there was no
relationship between £2c16.0phytol Values and the summed biovolume of cyanobacteria and
green algae (Fig. S5). This lack of relationship may be partly due to the overlap of the main
cyanobacterial bloom in late October (> 90 % of algal biovolume (Fig. 3B)) with the initiation
of the autumnal mixing (Fig. 2), potentially transferring organic matter from the deeper
hypolimnion to the epilimnion. Lipid concentrations and &Hiyiq values in our study were
probably biased by the lake turnover event, which could also account for the large deviation
between measured and modeled £2c16:0/phyto aNd E2sterolphytol Values in autumn (Fig. 7). The
complete mixing of the water column in winter (Fig. 2) could further contribute to the
discrepancies between measured and modeled £%c16:0/phytol aNd €2c16:05ster01 Values on the
biweekly scale (Fig.6), which were less pronounced in weighted-average €2, pia1/Lipia2 Values in
winter (Fig. 7). The impact of the mixing event was also seen for phytol:sterol ratios, which
had stronger correlations with cyanobacterial biovolume when sampling dates during lake
mixing were excluded (2019-10-09 to 2019-12-04) (R? = 0.27, p < 0.001).

Additionally, increasing cellular growth rates during the cyanobacterial bloom could
impact €2c16.0phytol Values, since higher growth rates have been shown to cause 2H depletion in
lipids of some eukaryotic algae, likely due to higher contributions of 2H-deleted NADPH from
photosystem | (PS I) (e.g., Z. Zhang et al., 2009; Sachs & Kawka 2015). However,
differences between algal groups and lipids exist. While various lipids of Emiliania huxleyi
became *H-deleted, fatty acids of Thalassiosira pseudonana have been found to be
unaffected by higher cellular growth rates (Z. Zhang et al., 2009; Sachs & Kawka 2015).
Likewise, the measured 8*Hc1e:0 vValue (-267 %o) during the cyanobacterial bloom was within
expectations from cyanobacterial batch cultures (-236 +/- 32 %o; Ladd et al., 2024). The
&%Hpnyto Value (-399 %o) was, however, more *H-enriched than expected (-433 +/- 18 %o; Ladd
et al., 2024) contradicting the expected growth rate effect on lipid hydrogen isotope

fractionation.
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A more likely explanation for the ?H-enrichement of phytol could be the abundance of
cyanobacterial species with rather high 8?Hpnyto values as there is a high intraspecies
variability within algal groups (Ladd et al., 2024). Unfortunately, the main cyanobacteria
contributing to the bloom event could only be assigned to the order Chroococcales, with no
further species identification. Future culturing studies comprising more cyanobacteria species
are needed to better constrain the range of cyanobacterial &*Hpnyto Values.

Moreover, mixotrophic growth of cyanobacteria due to light limitation by self-shading
effects, as well as decreasing CO, concentrations during the bloom event could potentially
cause 2H-enrichement of phytol (Zagarese et al., 2021; Cormier et al., 2022; Mufioz-Marin et
al., 2024; Torres-Romero et al., 2024). During algal mixotrophy, the higher relative proportion
of 2H-enriched NADPH from glycolysis or the oxidative pentose phosphate pathway (oxPPP)
causes a 2H-enrichement during lipids synthesis (Cormier et al., 2022). The potential impact
of mixotrophic growth on €% ipd11Lipia2 Values was further indicated by large discrepancies
between measured and modeled €?ipig1Lipia2 Values during a dinoflagellate bloom in mid-
August (Fig. 3B; Fig. 6B), which mainly consisted of the mixotrophic species Ceratium
hirundinella (e.g., Callieri et al., 2006).

Generally, mixotrophy dominates in oligotrophic lakes and during low light and low
nutrient availability (Caron et al., 1993; Palsson & Granéli 2004; Saad et al., 2016).
Therefore, although mixotrophy in Rotsee might be reflected in single €%ipia1Lipia2 Values, the
general mixotrophic impact on €2ia1Lipia2 Values in eutrophic lake systems is probably low,

especially over longer timescales.

In addition to phytoplankton groups in Rotsee, heterotrophic microzooplankton represent
another lipid source (Fig. 3), potentially impacting €2Lipig1/Lipia2 Values. 8*Hipia values of
heterotrophic organisms are expected to be higher than algal 8*Hipiq values as NAD(P)H
derived from glycolysis or oxPPP is ?H-enriched compared to the extremely *?H-depleted
NADPH formed in photosystem | (PS 1) of phototrophs (e.g., Schmidt et al., 2003; X. Zhang
et al. 2009; Cormier et al., 2018; Cormier et al., 2022). To assess the potential isotopic

impact of microzooplankton peaks on €2 ipig1/Lipia2 Values, we modeled €2Lipid1/Lipid2 phyto aNd
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€2Lipid1/Lipid2 phytoszoo Values and compared modeling results with measured €2, ipig1/Lipia2 Values
(Fig. 6, 7). While €2ipid1/Lipia2 phyto Values solely incorporate biovolume-weighted 8?Hipid values
of phytoplankton groups derived from batch cultures (Ladd et al., 2024), €2ipid1/Lipid2 phytoszoo
values additionally include theoretical 5*Hc1e:0 and 8Hsterol Values of heterotrophs weighted by
microzooplankton biovolume. Beside the contributions of H from different NAD(P)H pools,
lipid hydrogen isotope fractionation in heterotrophs further depends on dietary and water 8°H
values, as well as kinetic fractionation by enzymes during fatty acid synthesis (Solomon et
al., 2009; X. Zhang et al., 2009; Vander Zanden et al., 2016; Pilecky et al., 2022). We
accounted for the net impact of these different processes by the application of an empirically
derived fractionation factor between 8?Hc1e:0 values of seston and zooplankton (Pilecky et al.,
2022). This might overestimate the isotope fractionation between algal and heterotrophic
&”Hsterol Values, as microzooplankton might simply assimilate algal sterols, but the synthesis
of phytosterols by microzooplankton cannot be excluded (Boéchat et al., 2007; Michellod et
al., 2023). Additional uncertainty in our modeled €% ipia1/Lipia2 Values comes from the relatively

small number of freshwater taxa from which culturing data are available (Ladd et al., 2024).

Despite the large uncertainties, measured €% sia11Lipia2 Values were nearly identical to the
mean of modeled algal €2Lipia1/Lipid2 phyto Values on multiple sampling dates (Fig. 6), indicating
that phytoplankton community composition is reflected by €2 ipia1Lipia2 Values. Although several
microzooplankton peaks occurred throughout the year (Fig. 3), the RMSE of modeled
€2 ipid1/Lipid2 phyto AN E€2Lipid1/Lipid2 phytoszoo Values were mostly similar (Fig. 6A, B), supporting a
generally minor isotopic impact of microzooplankton. This is in accordance with short-term
3C-labelling experiments suggesting that Rotsee is net autotrophic (Lammers et al., 2016).
Large discrepancies between measured and modeled €% ipid1/Lipia2 phyto Values can be partly
explained by mixotrophy of phytoplankton (see above) as well as the uncertainty associated
with &Hipia values modeled for cryptomonads. The various Cryptomonas species in Rotsee
might be poorly represented by &°Hipid values from batch cultures, which included only

Cryptomonas ovata (Ladd et al., 2024). When measured £%c1s.0sterol Values exceeded the
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modeled SD interval by nearly 80 %o in early May, cryptomonads comprised 70 % of

eukaryotic algal biovolume, emphasizing the need for further culturing studies.

4.2 Lipid ratios as proxies for cyanobacterial biovolume

Besides €2ipig11Lipia2 Values, we investigated lipid distributions in the water column in
relation to phytoplankton biovolume. Phytol:sterol ratios were positively correlated with
cyanobacterial biovolume (R?= 0.22; p < 0.001) (Fig. S9, Fig. 8), in accordance with previous
findings that most cyanobacteria do not produce any sterols (Martin-Creuzburg et al., 2008;
Taipale et al., 2016; Peltomaa et al., 2023). The co-occurrence of unsaturated C18 fatty
acids with high cyanobacterial biovolume in Rotsee is consistent with the use of unsaturated
C18 fatty acids as cyanobacterial biomarker (Bauersachs et al., 2017; Zeman-Kuhnert et
al.,2023). However, high concentrations of polyunsaturated C18 fatty acids have also been
found in different green algae, as well as Chromalveolates (Taipale et al., 2016; Lang et al.,
2011) and some cyanobacteria strains produce similar amounts of C16:0 and C18:3w3
(Peltomaa et al., 2023). Therefore, the separation of eukaryotic algae and cyanobacteria by
C18:C16 ratios is probably less strict than by phytol:sterol ratios, which is also indicated by
the weaker correlation between C18:C16 ratios and cyanobacterial biovolume (R?= 0.15; p <

0.01) (Fig. 8).

In general, phytol:sterol ratios and C18:C16 ratios might also be impacted by changes in
temperature, phosphorus and silicate availability which affect algal sterol and fatty acid
production rates (Piepho et al., 2010; Piepho et al., 2012; Matsui et al., 2020; Calderini et al.,
2023). In Rotsee, water temperatures at different sampling depths ranged from 4 to 25 °C
and phosphorus concentrations ranged from 8 to 56 ug/L throughout the year. Only absolute
concentrations of brassicasterol (R> = 0.14, p < 0.01) and C20:4 fatty acid (R = 0.07, p <
0.05) (ug/L) were significantly negatively correlated with temperature, suggesting a rather
minor impact of temperature on lipid synthesis or no general trend among different

phytoplankton species as proposed by Piepho et al. (2012). However, concentrations of
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C16:1 (R*=0.2, p < 0.001), C18:2 (R*= 0.1, p < 0.05), C18:x (R*= 0.1, p < 0.05) and C18:1
(R?= 0.1, p < 0.05) were significantly positively correlated with total phosphorus
concentrations as well as phytol:sterol ratios (R* = 0.28, p < 0.001) and C18:C16 ratios (R? =
0.12, p < 0.01). Phytoplankton growth in eutrophic lakes is generally limited by phosphorus
(e.g., Liang et al., 2020; Jiang & Nakano 2022), and increasing phosphorus concentrations
can potentially promote cyanobacterial blooms (e.g., Huisman et al., 2018; Jankowiak et al.,
2019). Although there was a collinearity between phosphorus, nitrogen and temperature,
relative cyanobacterial biovolume in Rotsee was positively associated with high phosphorus
concentrations (Fig. S10). Therefore, the significant correlation between lipid ratios and total
phosphorus concentrations is likely an indirect effect resulting from phosphorus fertilization of

cyanobacteria.

4.3 £%pia1Lipia2 Values and lipid ratios as paleoecological proxies for

phytoplankton community dynamics

Annually-integrated and amount-weighted €2 ipig1/Lipia2 Values are likely the most
representative of a potential sedimentary isotopic signal, as sediment samples typically
incorporate longer timescales, with an average sedimentation rate of 0.38 cm yr'in Rotsee
(Naeher et al., 2012). Annual €2ipig1Lipia2 Values based on water column measurements were
almost identical to modeled algal €Lipia1/Lipia2 phyto Values (Fig. 7) and did not reflect the short-
term impact of the lake mixing event and signatures of heterotrophic and/or mixotrophic
&°Hipia values. Therefore, long-term €?ipia1Lipia2 Values in the water column of eutrophic lakes
like Rotsee are expected to mainly reflect phytoplankton community compositions, especially
as the &°H values of carbon-bound hydrogen are stable during early diagenesis

(Schimmelmann et al., 2006).

However, lipid degradation during the transfer from the water column to the sediment
might complicate the interpretation of sedimentary €2ipia11Lipia2 Values and lipid ratios.

Degradation susceptibilities vary among algal lipids (e.g., Kawamura et al., 1987; Rontani &
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Volkman 2003; Martin-Creuzberg & von Elert 2004; Peltomaa et al., 2017; Zeman-Kuhnert et
al., 2023), and can lead to 2H-enrichment of lipids in surface sediment relative to the water
column (e.g. Gray et al., 2002; Mancini et al., 2003; Miljevi¢ & Golobo¢anin 2007; Sachs &
Schwab, 2011; Schwab et al., 2015; Ladd et al., 2018) or to changes in the relative
abundance of different compounds. In particular, the relatively fast mineralization of
polyunsaturated C18 fatty acids compared to saturated fatty acids like C16:0 (Kawamura et
al., 1987) likely compromises the significance of C18:C16 ratios as a paleoecological proxy.
The phytol:sterol ratio could likely be adapted to longer timescales by including degration
products of phytol (e.g. pristane, isomeric pristenes, phytadienes, phytenic acid and
phytenes; Jeng et al., 1997; Grossi et al., 1998; Rontani et al., 1999; Rontani & Volkman

2003) and sterols (stanols; Killops & Killops 2004; Brocks et al., 2017; Brocks et al., 2023).

In addition to degradation, sedimentary 5°H values and lipid ratios could also be affected
by non-algal sources of organic matter, including microbes, macrophytes, and larger
mesoplankton. In eutrophic lakes like Rotsee, however, algal contributions likely dominate
microbial fatty acid inputs (Heinzelmann et al., 2018). Likewise, larger mesoplankton typically
comprise only ~ 1 to 5 % of phytoplankton biomass in eutrophic lakes (Yuan & Pollard 2018).
Beside autochthonous sources, organic input from the catchment vegetation (Bloesch 1974)
could transfer plant lipids to the sediment. However, due to their location in cell membranes
and the plastid (Rustan & Drevon 2005; Dufourc 2008; Anderson 1975), C16:0 fatty acid,
sterols and phytol have a less direct transit pathway to lake waters compared to leaf waxes

which are abraded from surface cuticular layers by wind (Nelson et al., 2018).

Despite these potential complications, sedimentary €% ipia11Lipia2 Values and lipid ratios are a
promising tool to increase the robustness of phytoplankton community reconstructions.
Specifically, downcore £2c16.0/stero @Nd E%terolphytol Values could trace past shifts in the
eukaryotic algal community, with high €geroiphytol vValues (> 200 %o) and low €2c1s:0ssterol Values
(< 100 %o) being indicative for a dominance of diatoms and/or golden algae (Fig. 5, Fig. 9).

Moreover, a co-occurrence of high €%cie.opnytol Values (> 250 %) and high phytol:sterol ratios
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(> 0.75) can be expected during phases of high cyanobacterial and rather low eukaryotic

algal biomass (Fig. 9).
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Figure 9: Schematic illustration of how phytol:sterol ratios (A), €2c16.0/phytol (B), €2c16:0/sterol (C), @and €2steroiiphytol

(D) values could be used as proxies for phytoplankton community composition.

Additionally, the combination of €?_pia1/Lipia2 Values and lipid ratios with proxies for
individual algal groups offers the opportunity to analyze past relationships between single

algal groups and the phytoplankton community. For instance, while diatom abundance and
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species richness can be quantitatively inferred by their silica frustules, the additional analysis
of €2c1e0sterol aNd Esteraliphytol Values would indicate if diatoms were dominant within the
phytoplankton community. The proportion of golden algae and diatoms could be further
disentangled by the ratio of diatom frustules and statospores of golden algae species (Smol
1985). Recently, sedaDNA approaches have been widely used to reconstruct past
cyanobacterial dynamics, also in combination with other algal proxies, e.g. sedimentary
pigments (e.g., Pal et al., 2015; Cao et al., 2020; Nwosu et al., 2023). The application of
sedaDNA together with €2c1e.0pnytol Values and phytol:sterol ratios would reveal not only past

cyanobacterial abundance, but also their relative abundance to eukaryotic algae.

Moreover, due to their good preservation, sedimentary €2c1s.0/pnytol Values and phytol:sterol
ratios, including phytol and sterol degradation products, might be an alternative approach to
reconstruct past cyanobacterial dynamics over geologic timescales. The potential short-term
influence of environmental variables on eukaryotic algal sterol contents (Piepho et al., 2010;
Piepho et al., 2012) is likely averaged out, especially when analyzing distinct time periods
with relatively constant temperature and nutrient supply. Several paleoecological studies
have already used the increasing abundance of sterols in the geologic record as proxy for
the rising appearance of eukaryotic algae (Brocks et al., 2017; Brocks et al., 2023).
Phytol:sterol ratios in the sediment might, however, still be biased by the differences in sterol
content among eukaryotic algal species (e.g, Martin-Creuzburg & Merkel 2016; Volkman
2003; Rampen et al., 2010; Taipale et al., 2016). To minimize the impact of species
variability, we propose phytol:sterol ratios of > 0.75 as an indicator of cyanobacterial
dominance, representing values recorded in Rotsee during cyanobacterial blooms (Fig. 8B).
Moreover, to increase the robustness of phytol:sterol ratios, we suggest excluding sterols
potentially produced by sedimentary fungi, e.g., ergosterol or fungisterol (Weete 1989;

Gessner & Chauvet 1993; Volkman 2003).
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801 5. Conclusions

802 Biweekly measurements of algal lipid distributions and €2c1s.0/phytol, £2c16:0/sterol, aNd
803  £%serolphytol Values in the water column of Rotsee were related to phytoplankton community

804  composition over a one-year sampling period.

805 The summed biovolume of diatoms and golden algae was positively correlated with

806  £%sterolphytol Values and negatively correlated with £2c1s.0sterol Values, while the remaining

807  eukaryotic algal groups had the opposite relationships. Comparing measured €% ipid1/Lipid2

808  values and modeled €2 ipia1Lipia2 Values incorporating multiple lipid end-members indicated that
809  heterotrophic microzooplankton and mixotrophy may affect €2, pia1/Lipia2 Values on short time-
810  scales, but that long-term €2 iga11Lipia2 Values in the water column of eutrophic lake systems
811  generally reflect the phytoplankton community composition. The analysis of algal lipid

812  distributions indicated increasing concentrations of phytol and unsaturated C18 fatty acid
813  during cyanobacterial blooms, and phytol:sterol ratios and C18:C16 ratios were significantly
814  positively correlated with cyanobacterial biovolume. Due to the good preservation of lipids in
815  sediment, particularly phytol:sterol ratios, combined with €2c16.0/pnytol Values, provide a

816  promising tool for the reconstruction of past cyanobacterial blooms.

817 Generally, the interpretation of sedimentary €2 ipig1/Lipia2 Values and lipid ratios should

818  consider the trophic status of the lacustrine system. In eutrophic lakes like Rotsee,

819 phytoplankton are the main lipid source, likely overwhelming the isotopic imprint and lipid
820  contribution of other autochthonous origins to the sediment. In oligotrophic lake systems,
821  however, the relative importance of other aquatic lipid producers might be higher, and

822  €%piarLipia2 Values could be further impacted by a higher proportion of phytoplankton

823  mixotrophy. We therefore emphasize the interpretation of sedimentary &2 ipig11Lipia2 Values and

824  lipid ratios in a multi-proxy context integrating complementary lines of evidence.

825
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Figure S1: Relationship between measured and calibrated 8?H values and peak area dimension of cholesterol
acetate (cholesterol-OAc) and stigmasterol acetate (stigmasterol-OAc) standards. (A) Relationship between
measured d?H values and peak area. 8°H values derived from calibration against reference H2 gas without further
conversion. Dashed lines indicate calibrated °H values based on TC/EA IRMS (cholesterol-OAc) or mean &°H
values sufficient peak area (stigmasterol-OAc). (B) Relationship between €2measuredicaiibrated Values and peak area with
corresponding formula.
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Figure S2: Theoretical distributions of a2cieomater values (A), 0Psteroliwater Values (B), and oZphytoliwater Values (C) of
different phytoplankton groups based on batch cultures from Ladd et al. (2024). Densities were determined by
Monte Carlo simulation (n = 50,000) of normal distributions with mean and standard deviation from culturing
Qipidwater Values (Ladd et al., 2024). Chlorophyceae and Zygnemopyceae were summarized to the higher
classification ‘green algae’. For Chrysophyceae, aipidiwater Values distributions were simulated based on Bacillario-
and Dinophyceae due to missing culturing data. No osterolwater Values were defined for Cyanophyceae due to the
lack of sterol production.
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Figure S3: Theoretical distribution of 82Hc1e:0 values of seston and zooplankton based on field data from Pilecky et
al., 2022. Densities were determined by Monte Carlo simulation (n = 50,000) of normal distributions with mean and
standard deviation from field 8Hcie:0 values (Pilecky et al., 2022).
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Figure S4: Time series of 82Horassicasterol, 9?Hergosterol, O?Hisitosterol and 82Hstigmasterol Values in Rotsee at 1 m depth (A)
and chlorophyll maximum depth (B).
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Figure S5: Correlation matrix indicating Spearman’s correlations between £2cisophyol Values and the relative
biovolume of individual phytoplankton groups in Rotsee combining both sampling depths (A), or at 1 m depth (B)
and the chlorophyll maximum depth (C) analyzed separately. r: correlation coefficient. *: P < 0.05.
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Figure S6: Correlation matrix indicating Spearman’s correlations between €2cis:0isterol and €2steroliphytol Values and the
relative biovolume of individual eukaryotic algal groups in Rotsee combining both sampling depths (A), or at 1 m
depth (B) and the chlorophyll maximum depth (C) analyzed separately. Relative contributions from single algal
groups to eukaryotic algal biovolume were calculated excluding cyanobacteria. r: correlation coefficient. *: P < 0.05.
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Figure S7: Time series of alcohol concentrations in Rotsee at 1 m depth (A) chlorophyll maximum depth (B). Note
the different scaling of y-axes for individual alcohols.



C14:0

C16:0

C16:1

C18:x
C22:2 C20:4 C20:3nx  ©18:3nx c18:2

C22:6

[ug/L]

[Hg/L]

1 m depth B

P

chlorophyll maximum depth

/\_,,_/—/\//\,,._\M

TN NN

AN

/_/

N
Apr 2019 Jul 2019 Oct 2019 Jan 2020

-t —= ——
Apr 2019 Jul 2019 Oct 2019 Jan 2020

Figure S8: Time series of fatty acid concentrations in Rotsee at 1 m depth (A) and chlorophyll maximum depth
(B). Note the different scaling of y-axes for individual fatty acids.
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Figure S9: Non-metric-multidimensional scaling (NMDS) of relative alcohol and fatty acid concentrations in the
water column of Rotsee. The ordination was set to k=3 dimensions and only the first and second dimensions are
shown (NMDS1 vs. NMDS2)). Size scaling of each sample point is based on the relative contribution of
cyanobacteria to total phytoplankton biovolume. (A) NMDS of untransformed relative alcohol concentrations. NMDS
is based on relative contributions of brassicasterol, diplopterol, ergosterol, phytol, sitosterol and stigmasterol to total
alcohol concentrations at single sampling dates, with a final stress of 0.055. (B) NMDS of square root transformed
relative fatty acid concentrations. NMDs is based on relative contributions of C14:0, C16:0, C16:1, C18:0, C18:2,
C18:3, C18:3nx, C18:x, C20:3nx, C20:4, and C22:6 to total fatty acid concentrations at single sampling dates, with
a final stress of 0.078.
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Figure S10: Redundancy analysis (RDA) of relative phytoplankton biovolume and environmental variables (total
nitrogen (TN), total phosphorus (TP) and temperature (T)) in Rotsee. Relative biovolume of phytoplankton groups
was square root transformed and total phosphorous concentrations were log transformed. TN, TP and T together
explained 19.85 % of variance in phytoplankton biovolume (p = 0.001). Environmental variables were significantly
correlated with each other (TN — TP: r=0.5p <0.001; TN—-T: r=-0.6 p <0.0001; TP - T: r=-0.5 p < 0.01).



